Background: Elevated total tau (tTau), 181-phosphorylated phosphorylated tau (pTau), and low amyloid-␤ 42 (A␤ 42 ) in cerebrospinal fluid (CSF) represent a diagnostic biomarker for Alzheimer's disease (AD). Objective: The goal was to determine the overall accuracy of CSF A␤ 42 , tTau, pTau, and the A␤ 42 /total tau index (ATI) in a non-research, clinical setting for the diagnosis of AD. Methods: From medical records in 1,016 patients that had CSF studies for dementia over a 12-year period (2005 to 2017), we calculated the sensitivity and specificity of CSF A␤ 42 , tTau, and pTau and the ATI in relation to the final clinical diagnosis. Results: Compared with non-demented patients and patients with other dementias or mild cognitive impairment (MCI), the sensitivity and specificity of the recommended ATI and pTau cut-offs (ATI < 1.0 and pTau >61 pg/ml) for the diagnosis of AD were 0.88 and 0.72, respectively. Similar results were obtained comparing AD with non-demented patients only (0.88, 0.82) and AD with other types of dementia (0.81, 0.77). A subgroup of patients with presumed normal pressure hydrocephalus (n = 154) were biopsied at the time of shunt placement. Using the pathological manifestations of AD as the standard, the sensitivity was 0.83 while the specificity was 0.72. 
INTRODUCTION
Diagnostic accuracy in the clinical diagnosis of Alzheimer's disease (AD) is important to differentiate it from conditions with similar manifestations, take advantage of novel therapeutic agents, monitor disease progression, and end-of-life planning. While autopsy remains the "gold standard" for a definitive diagnosis of AD, elevated levels of total tau (tTau), 181-phosphorylated phosphorylated tau (pTau), and decreasing levels of amyloid-␤ 42 (A␤ 42 ) in antemortem lumbar [1, 2] cerebrospinal fluid (CSF) have been associated with AD and correlated with postmortem amyloid plaque load [1] . In additional, a strong relationship exists between in vivo amyloid plaque load assessed with Pittsburgh Compound (PIB)-PET or Florbetapir for amyloid and 18 FFDNP for both tangles and plaques and CSF A␤ 42 levels [3] [4] [5] . Therefore, inclusion of these CSF biomarkers in the clinical evaluation of patients suspected of having AD would aid in diagnostic accuracy. A meta-analysis including data from 231 studies for 11,341 patients with AD and 7,086 controls reported significant differences in CSF A␤ 42 , tTau, and pTau when comparing patients with AD to healthy controls [6, 7] . However, a subsequent Cochrane review in 2017 [8] concluded that sensitivity and specificity of CSF biomarkers "have limited clinical value" because of methodological differences across the studies including the: "sources of recruitment, participant sampling, index test methodology and inadequate blinding."
To provide a realistic and unbiased evaluation of these CSF biomarkers in a non-research setting, we assessed retrospective data from a large cohort of patients attending an academic medical center to sensitivity, specificity, and area under the curve of CSF A␤ 42 , tTau, pTau, and the A␤/tTau ratio (ATI). We hypothesized that such analyses from this large patient group at a single site might provide a more homogenous and accurate assessment of the accuracy of these biomarkers in the clinical diagnosis of AD.
MATERIALS AND METHODS

Participants
The results from 1,137 CSF samples were ascertained from the medical records of outpatients and hospitalized patients at the New York Presbyterian Hospital-Columbia University Irving Medical Center between 2005 and 2017. We excluded patients with dementia of uncertain etiology or whose diagnosis was not completely documented (n = 121). This analysis then focused on the remaining 1,016 (89.3%) for this study, including 264 (26%) with a pretest diagnosis of probable AD; 53 (5%) with mild cognitive impairment (MCI); 65 (6.3%) with dementia with Lewy bodies (DLB); 53 (5%) with frontotemporal dementia (FTLD, including patients with semantic dementia, progressive non-fluent aphasia and behavioral type frontotemporal dementia); 31 (3%) with vascular dementia (VaD); 21 (2%) with progressive supranuclear palsy (PSP); 14 (0.9%) with corticobasal degeneration (CBD); 218 (21.4%) with normal pressure hydrocephalus (NPH); and 30 (3%) with Creutzfeldt-Jacob disease (CJD). In addition, results from lumbar puncture were obtained from 37 (3.6%) with a nonspecific psychiatric disorders (PSY) and 230 (22.6%) with either subjective memory complaints (SMC) or no memory complaints but with altered mental status at time of admission. These 267 patients were considered as non-demented patient group (N = 267; 26.2%). Finally, 97 (8.67%) of the patients died during the study period with 13 (13.4%) undergoing autopsy.
Clinical diagnoses were made by several different neurologists not involved in the current analysis using published diagnostic criteria: National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association criteria for AD and MCI [9] ; consensus criteria frontotemporal lobar degeneration for FTLD [10] ; McKeith criteria for DLB [11] ; National Institute of Neurological Disorders and Stroke (NINDS)-Association Internationale pour la Recherche en l'Enseignement en Neurosciences for VaD [12] ; criteria of Boeve for CBD [13] ; NINDS-Society for Progressive Supranuclear Palsy criteria for PSP [14] ; referred criteria for CJD [15] .
Patients who were evaluated for NPH had ventriculomegaly with some combination of Hakim's triad (gait disorder, incontinence, and cognitive decline), usually with gait disorder predominance. The majority of patients with suspected NPH underwent lumbar drainage trial prior to ventriculoperitoneal shunt (VPS) placement. Patients with NPH were included in this study only if they underwent VPS with neuropathological assessment of the cortical brain biopsy obtained at the time of shunt placement (N = 154). Though a biopsy provided only a small amount of tissue, we used the neuropathological manifestations found in AD as the gold standard for sensitivity and specificity analyses in these cases.
CSF analysis
Lumbar puncture was performed by neurology residents or the treating neurologist, after informed consent to use such laboratory results for research purposes was obtained. CSF aliquots were collected in polypropylene tubes and caps under standardized conditions. After centrifuged at 1000 g/min for 10 min, 0.5 mL aliquots were collected and stored at -80 • C within 2 h. The New York Presbyterian Hospital shipped all such samples to the commercial laboratory where the CSF samples were analyzed using ADmark ® ELISA kit (https://www. athenadiagnostics.com/view-full-catalog/a/admarkreg;-alzheimer-s-evaluation and https://www. mayomedicallaboratories.com/testcatalog/Clinical+ and+Interpretive/91925).
CSF concentrations of A␤ 42 , t-Tau, and p-Tau were measured and the ATI calculated. ADmark ® essay results were reported as associated with AD according to CSF biomarkers pattern using ATI < 1.0 and pTau > 61 pg/ml as thresholds in both laboratories. Thus, for all main analyses ATI < 1 and pTau > 61 pg/ml were used as the threshold of choice.
CSF analysis in patients with NPH
CSF data was available from 218 patients with suspected NPH who subsequently underwent VPS. During the procedure, neuropathological specimens from the frontal lobe were also harvested for pathological assessment. We restricted our analyses to 154 (70.6%) samples with both CSF and neuropathological data available. After hematoxylin and eosin stained sections were submitted to preliminary analysis, immunohistochemistry for neuritic plaques and neurofibrillary tangles was performed. Neuropathological diagnosis of AD was attempted when criteria were met, according to NIA-AA guidelines [16] , although sufficient material for diagnosis was not always available from the biopsy.
Statistical analysis
Direct measures of CSF A␤ 42 , t-Tau, and p-Tau levels and the ATI were compared across diagnostic groups (i.e., AD group versus non-demented patients and across other diagnostic groups compared to AD) using the Kruskal-Wallis test, followed by MannWhitney test with Monte Carlo method. We used the ATI (A␤ 42 /T-tau Index) computed as:
because of its established predictive power in literature [17] .
The calculation of sensitivity and specificity across the clinical subgroups (AD versus all other patients, AD versus non-demented patients, AD versus other types of dementia, AD versus NPH) was performed and converted into receiving operating characteristic (ROC) analyses. We also measured sensitivity and specificity of combined CSF biomarkers by computing the area under the curve (AUC) using predictions from a logistic regression model that included other measures as predictors (e.g., ATI + pTau).
Accuracy as determined by AUC was defined as 1.0-0.90 excellent; 0.90-0.80 good; 0.80-0.70 fair; 0.70-0.60 poor; and 0.60-0.50 failure. We applied validated threshold from literature for each CSF biomarkers: 500 pg/ml [18, 19] for A␤ 42 ; 350 pg/mL for tTau [20, 21] ; 61 pg/ml for pTau [22] .
Validated thresholds in literature for ATI levels indicated that ATI ≤ 0.8 (ATI 0.8 ) was strongly associated with AD, while ATI ≥ 1.2 (ATI 1.2 ) was less robustly associated with AD and ultimately ATI = 1 (ATI 1.0 ) could be considered as an effective threshold to discriminate demented versus non-demented patients [17, 22] . Therefore, we tested each of these cut-offs in terms of sensitivity and specificity. The significance threshold for all analyses was set to p < 0.05. Analyses were performed using SPSS v.24 [23] . Amos (Version 24.0). Chicago: IBM SPSS) and R version 3.3.3 (R: a language and environment for statistical computing. http://www.R-project.org/), package "pROC" [24] .
RESULTS
Demographics
A statistically significant difference in mean age and sex was found comparing probable AD versus non-demented patients and other types of dementia (p < 0.0001). However, there were no differences in years of education or mortality rates. Similar differences were found comparing sex, age, and education by diagnostic groups (all pairwise comparison with p-value < 0.0001, Table 1 ).
CSF biomarkers distribution
Statistically significant differences were found comparing A␤ 42 , tTau, pTau, and ATI in both AD versus other conditions overall, and in AD versus non-demented patients (all pairwise comparison with p-value < 0.0001, Table 1 ). We observed significant differences in the A␤ 42 , pTau, and ATI values distribution between AD and MCI, DLB, FTLD, PSP, SMC, and PSY (all pairwise comparison with p-value < 0.0001, Supplementary Table 1) . 1 for AD versus all other diagnostic groups included in the cohort was found to be 0.97 and 0.42, respectively. For ATI 1.2 , the sensitivity was 0.98 and the specificity 0.32 ( Fig. 1) .
Sensitivity and specificity
Overall analyses for Aβ
Combined analysis for ATI < 1 and pTau > 61 pg/ml (AUC = 0.8524, 95%CI [0.8288-0.8759], p < 0.0001) computed 0.88 sensitivity and 0.72 specificity as final results.
AD versus non-demented patients
For A␤ 42 
AD versus other types of dementia
In (n = 749) patients with symptoms and signs of memory impairment after clinical and radiological investigation, 264 (35.3%) were diagnosed with probable AD while the remaining 485 were diagnosed with other types of dementia (FTLD, DLB, PSP, VaD, CBD, NPH, or CJD) or MCI at follow-up. The subset was investigated with each of the three biomarkers and ATI was calculated. CSF biomarkers performance in differentiating AD versus each type of dementia was examined and results were summarized in the Supplementary Table 2 .
Normal pressure hydrocephalus with biopsy for AD pathology
Re-analyses of CSF biomarkers to define thresholds
We conducted additional analyses by attempting to compute the best CSF thresholds based on the data obtained from this group of patients that best discriminated between groups. In the overall analyses, thresholds for CSF biomarkers in identifying AD versus non-demented patients and all other diagnostic groups were: A␤ 42 = 565. Finally, CSF biomarkers were tested on a subgroup of patients with NPH who cortical biopsy with neuropathological evaluation after ventriculoperitoneal shunting procedure: A␤ 42 
DISCUSSION
The results reported here provide an unbiased assessment of CSF biomarkers in evaluation of patients suspected of having AD in a non-research, clinical setting. These results indicate that individually CSF biomarkers A␤ 42 , tTau, pTau, and the computed ATI, tested at recommended thresholds provide excellent sensitivity, but moderate to low specificity for clinically diagnosed AD compared to patients with other diseases or and with other forms of dementias in routine practice. Based on the AUC, the level of pTau was found to provide the best overall accuracy of any single CSF biomarker, regardless of the comparison group.
While, the use of these CSF biomarkers is recommended for the diagnosis of AD, they can be helpful in situations where the diagnosis is uncertain and AD is one of the diagnoses considered in the differential diagnosis of a patient. We assumed that when these CSF biomarkers were used in patients with diagnoses other than AD, the physician was attempting to exclude AD as a diagnosis. Certainly, these CSF biomarkers are best used when distinguishing AD from other forms of dementia.
Most published studies have been in research settings that compared AD to healthy controls [25, 26] , but this does not reflect what is generally done in clinical practice. Similarly, validity of these CSF biomarkers has been established previously using data from patients sampled during life and subsequently undergoing autopsy at the time of death [27] [28] [29] .The approach in the current study differs from most previous studies for number of total patients for whom diagnoses and CSF measures were obtained and a single center. Struyfs et al. [30] for example, reported higher sensitivity and specificity versus healthy control group rather than comparing these measures to differentiate AD from other conditions, as Johansson et al. [31] did, reporting comparable findings in a cohort of 60 patients. The Alzheimer's Biomarkers Standardization Initiative (ABSI) [32] suggested that the use of CSF biomarkers should be considered in all patients referred for memory complaints or admitted to hospitals for cognitive impairment and complex differential diagnoses of dementia. In addition, younger patients with earlyonset dementia, MCI, or atypical clinical signs should be taken into account [32] . Though previous studies had reported the sensitivity and specificity of these CSF biomarker in the diagnosis of AD compared with healthy controls, or patients with MCI or depression [28] , we considered the alternative approach used here, other forms of dementia, a less biased and more appropriate to assess validity of these CSF biomarkers. The main difference in our report compared to those in literature [33] [34] [35] is the reduction in specificity that is likely explained by including patients with other dementing disorders (FTLD, DLB, and VaD). What we address in this study is a measurement of CSF biomarker accuracy as a diagnostic in a clinical practice setting, assessing sensitivity and specificity in the differential diagnosis of AD versus other types of dementia and NPH.
The highest sensitivity and specificity in this subset of patients compared to the previous studies [33] [34] [35] was achieved when we used ATI = 1 (sensitivity of 0.96 and a specificity of 0.60). pTau > 61 showed a sensitivity of 0.78 and a specificity of 0.83, but the highest accuracy as measured by the AUC. In each of these analyses, specificity was lower than reported in a number of previous studies [36] [37] [38] . In the subset of patients with NPH, we further tested the ability of CSF biomarkers to identify and correctly classify AD pathology. However, the sensitivity and specificity were similar to that found in the clinical diagnosis of AD. This reinforced our conclusion that CSF biomarkers have the highest degree of specificity only when comparing patients with dementia to healthy controls. The specificity decreases if tested in a group of patients that represent a typical patients in memory clinics and hospital settings [39] .
The results obtained here for pTau indicated that this individual measure was by far the most accurate for clinically diagnosed AD as measured by AUC. This is consistent with what reported by Koopman et al. [40] in an autopsy-based study which assessed a specificity of 0.60 for pTau in differentiating AD versus other conditions. However, the recommended combination of ATI < 1.0 and pTau > 61 pg/ml consistently showed the highest accuracy measured by AUC ranging from 0.78 to 0.89. The AUC was lowest among patients undergoing VPS for NPH and brain biopsy, those with compared to those without AD pathology, and highest among patients with AD compared with non-demented hospital controls. Using the data collected here to define the most optimal score for each biomarker did not improve sensitivity, specificity or accuracy over the recommended combination of ATI < 1.0 and pTau > 61 pg/ml. Thus, the results here indicate that the recommended combination of ATI < 1.0 and pTau > 61 pg/ml provides the best sensitivity, specificity, and overall accuracy for a clinical diagnosis of AD. However, in terms of overall accuracy based on AUC using this combination of threshold would considered this CSF biomarker analysis as "good". Improvement in specificity would be required to move the overall accuracy to "excellent".
The study here has several strengths including sample size, unbiased data collection from a single non-research clinical site of typical patients, the two national laboratories involved (using the same immunoassay kit), and confirmation of our findings in a subset with neuropathological information.
There are limitations of this study including the reliance on the biopsy-based diagnoses was limited making it difficult to assess complete neuropathological criteria. We did not attempt to compare the accuracy of these CSF biomarkers with imaging biomarkers, such as measure of white matter hyperintensities and regional atrophy or fluorodeoxyglucose or amyloid positron emission tomography, because these were not systematically obtained over the time period.
A clinically reliable and valid biomarker should provide a sensitivity and specificity close to 80-90%. In this study, we found that the results of previous studies may have overestimated CSF biomarkers specificity by the frequent comparison to healthy controls. Whereas in this unbiased case series we found the sensitivity to be fairly consistent (0.8 to 0.9 or better), the specificity varied from 0.72 overall, to 0.82 and only when compared to healthy controls. Our findings suggest the specificity of CSF biomarkers in differentiating between AD and other type of dementias is adequate for clinical decision when the recommend combination of ATI < 1.0 and pTau > 61 pg/ml is used. All other measures, with the exception of pTau, lacked the accuracy for contributing to the diagnostic evaluation.
The use of CSF biomarkers in the diagnosis of patients meeting the clinical criteria listed by Alzheimer's Biomarkers Standardization Initiative needs to be the state of the art in identifying AD; the results presented here indicate that further work needs to be done to improve the specificity and overall accuracy.
